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A. Introduction

During the Phase | supporting period, 3N has destnated proof-of-concept of a technology
for growth of Er doped lll-nitride photonic devicstructures on (001) Si substrates. More
specifically, InGaN:Er and GaN:Er films and p-i-ongtion (p-GaN/InGaN/n-GaN:Er) devices
operating at 1.54im wavelength have been designed, fabricated ancaesized. Our Phase |
results have demonstrated the feasibility to dgvelctive photonic devices operating at wavelength
around 1.54um on silicon wafers that are CMOS compatible. Wéelie this demonstration is
significant because the technology once fully depetl is expected to lead to monolithic photonic
integrated circuits (PIC) on Si. Such PIC devicas address the growing limitations facing chip-
scale data transport and will be an important stem@rds all-optical integrated circuits, accelergti
the convergence of computing and telecommunicati®he technology will also haweidespread
military applications including optical communiaati networks, IR countermeasures, optical signal
processing, and free space communications. We siavaitted Phase Il proposal for STTR topic
Al0a-T015and the results of the phase | work were summaiizéee Phase Il full proposal:

B. Results of the Phase | Work

B1. Growth and conductivity controlling of Er doped |nGaN alloys
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Figure 1 (a) SIMS profiles of Er concentration€<daN and InGaN. (b) PL spectra of GaN:Er and InGaNhE..54
pum region.

One of the objectives of this project is to achtever doped InGaN to allow bandgap
engineering via InGaN/GaN heterostructures to eoddhe efficiency of 1.54 um emitters. The
growth of Er-doped InGaN epilayers with an effi¢ciénb4 um emission has been challenging. This
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is because the optimal growth temperatures foirtb@rporation of Er ions on optically active sites
and for InGaN are not compatible. For instance oipténal growth temperature for the incorporation
of Er ions in llI-nitrides is generally ~100C, while the epi-growth temperature of InGaN epéiay

is much lower (near or below 76C). We have carried ougreliminary studies ongrowth of Er
dopedin,Ga 4N (InGaN:Er) epilayers on various templates. autts indicate that it is possible to
incorporate Er into InGaN alloys at the typical Wt temperatures of InGaN by optimizing other
growth parameters. As confirmed by secondary ioesnspectrometry (SIMS) results shown in Fig.
1(a), we were able to incorporate Er into InGaNwatconcentration comparable to that in GaN (as
high as 18'cm?). It was found that the emission intensity a#lun decreases with an increase in
In-content (Fig. 1(b)).

Table 1. Electrical properties of Er-dopedBa N epilayers with varying Si co-doping flow rate.

Ing GaggN: Er+Si M
2fv
Er(sccm) Si(scecm) (em?/V<)
N/A N/A

1 0 Too low to be
measured

1 1 0.82 86 113

1 15 1.89 38 270

1 e 2.94 82 384

It is expected that co-doping will significantlyted the Er dopant’s environment. In particular, as
shown in Table 1, our results indicate that Si opidg is necessary to control the electrical
conductivity of Er-doped llI-nitride epilayers. Mowork is still needed to fine tune the optimal
doping window for achieving high mobility and cordivity.

B2. Post-Growth ther mal annealing process
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Fig. 2 (a) 1.54 pm emission spectra of as-grownpost-growth annealed Er doped 1§Ga gg\. (b) Enhancement
factor of the 1.54 um emission intensity from posiwth annealed Er dopedynGa N samples over as-grown
Er doped 1g1,Ga ggN measured for varying annealing temperatures.aiimealing time is fixed at 1 minute.

Our results shown in Fig. 2 suggest that post-gnaavinealing improves the Er emission at
1.54 um. We further evaluated the thermal stabdftyn,Ga 4N subjected to post-growth annealing
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treatment. We found that InGaN alloys with In camtcation below 0.2 are thermally stable [Fig. 3].
This property will allow us to carry out systemasitudies on the post-growth thermal annealing
dependence by varying the three most importantnpaters: annealing temperature, time, and gas
ambient. This property also ensures that deviesed on Er doped j8a. 4N with x<0.2 will be
thermally stable.
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Figure 3 Effects of thermal annealing on the stmadt (x-ray diffraction spectra d8-20 scans) and electrical
transport (Hall Effect) properties of Er doped InNGkyers. The XRD peak for {aGa e\ almost disappear
revealing only the electronic properties of the emetath semi-insulating GaN after annealing at 1%Lt air,
whereas the XRD spectral line shape and electrobiltyoand concentration of g@Ga N films remain
unchanged after annealing at 1PK0in air. The results thus indicated that aftenealing at 1010K in air,
Ing3Gay 6\ evaporated, while jndGa o\ retained the same properties as those of as-grown

B3. Growth of Er doped InGaN alloys on S (001) substrates

In collaboration with Professors N. Sawaki and YanHa in Japan, TTU PIs used selective
area growth (SAG) and epitaxial lateral overgro&hO) techniques to prepare GaN/AIN/Si(001)
templates. As indicated by the schematic in Fi¢p)4 the periodic lined grooves with the sidewalls
of Si (111) and Si (I11) facets were obtainesectively etching from 7°3ff-oriented Si (001)
substrate by KOH chemical solution, and Si (IfacEts were then coated with Sifrotective films
to limit the lll-nitride growth only along Si <111direction. An AIN intermediate layer of 70 nm
was first grown on the patterned Si (001) substratel followed by the deposition of c-GaN alloy
along Si <111> direction until the overgrown layamsre merged and the surface became smooth, as
shown in the cross-sectional scanning electron asaope (SEM) image, Fig. 4(b). Growth using
SAG and ELO techniques not only reduced the diffegein thermal expansion coefficient by
rotating the direction of c-GaN growth, but alsmited the propagation of dislocations. Smooth,
crack-free GaN (11 01) films were formed paratiebit (001) substrate.

For comparison, GaN/AIN/Si (111) and GaN/AIN{® templates were also prepared by
depositing the epitaxial layers directly on respecsubstrates, as illustrated in Fig. 4(8)20 XRD
spectra measured from these templates are shokig.i®. While GaN (002) peaks were detected at
34.54 and 34.56from GaN/AIN/Si (111) and GaN/AIN/ADs, respectively, the GaN (11 01) peak at
36.80 was measured from the GaN/AIN/Si(001). For theN@diN/Si(111) template, the shifted
GaN (002) peak from thediffraction peak of strain-free c-GaN at 34.%iso implied a stronger
compressive stress in c-direction (and tensilesstie a-plane). In contrast, by using ELO growth,
the strain of the overgrown semi-polar GaN (11i)he patterned Si (001) substrate was relatively
relaxed.
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Fig. 4 (a) Schematic of GaN/AIN/Si (001) template,
(b) cross-sectional SEM image of a GaN/AIN/Si(001)
template obtained by selective area growth and
epitaxial lateral overgrowth, and (c) Schematichaf
multilayer structures of InGaN alloys grown on Si
(111) and AJO; substrates.
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Fig. 5 06-20 XRD spectra detected from
different templates used for Er doped InGaN
growth: (a) GaN/AIN/Si  (001), (b)
GaN/AIN/AI,O; and (c) GaN/AIN/Si(111).
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Fig. 6 (Left)0-20 XRD spectra and (Right) room temperature infrdPecemission spectra near 1. measured
from In,Ga, ,N:Er (x~0.14) grown on different templates: (a) UGa ggN:Er/GaN/AIN/Si(001), (b) Ip1:Ga gN:Er

/GaN/AIN/Al,Os, and (c) 19.15Ga ggN:Er/GaN/AIN/Si(111).
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GaN/AIN/Si(001) templates were employed for thesaguent growth of Er doped InGaN
epilayers (InGaN:Er). Figure 6(Left) shows26 XRD spectra of these InGaN:Er samples. The
wurtzite Iy 14Ga g\ (11 01) facet was observed from InGaN:Er/GaN/8I{001) sample with at2
peak at 36.29 while InGaN (002) peaks were detected from In@alGaN/AIN/Si(111) and
InGaN:Er/GaN/AIN/AbO; samples at 34.04In%~15%) and 34.76(In%~13%), respectively. A
small difference in In contents between these tlseaples could be attributed to the non-uniform
strain and In distribution or different growth ratéJnder the same growth conditions, the growth of
InGaN (11 01) facet was found to be two times glowan that of InGaN (0001) facet.
Photoluminescence (PL) spectra, focused mainly.b#im emission, were used to characterize the
optical properties of InGaN:Er epilayers grown arious templates. No PL signal was detected in
InGaN:Er films grown directly on Si (001) substrate contrast, as shown in Fig. 6(Right), 1,64
emission was obtained from the InGaN:Er epilayeowgr on the GaN/AIN/Si(001) template
prepared by SAG. The intensity of 1.5/ emission obtained from InGaN:Er sample grown on
GaN/AIN/Si(001) template was found to be abouttintes and 5 times weaker than those grown on
GaN/AlIN/sapphire and GaN/AIN/Si(111) templates pexgively. The reduced growth rate of InGaN
(11 01) facet results in a thinner Er-doped InGENO() layer, which attributed in part to the lower
intensity of the 1.54m emission and XRD signal.

Further improvement of 1.54 um emission and cripstaproperties of Er doped IlI-nitrides
grown on Si (001) substrates is expected in Phhdey loptimizing the growth conditions of
InGaN:Er (11 01) alloys.

B4 Waveguide amplifier fabrication and carrier lifetime characterization

Due to the short carrier lifetime in semicondudaiptical amplifiers (such as InGaAsP-based
devices), cross-saturation causes significant -chhannel crosstalk between different wavelength
channels, which is a major problem preventing ippligations in WDM systems for signal
amplification. In fact, short lifetime is intrinsito free carriers involved in the band-edge
recombination in direct bandgap semiconductorsortter to realize optical amplifiers based on Er
doped llI-nitrides which potentially possess theadages of both semiconductor optical amplifiers
(small size, electrical pumping, ability for photonntegration) and Er-doped fiber amplifiers
(minimal crosstalk between different wavelengthroteds in WDM optical networks), it is important
to characterize the carrier recombination lifetiofethe 1.54um emission line due to the intrd 4
shell transition from the excited staféi4,) to the ground statél(s;) of the Er ions when they are
doped in Ill-nitride semiconductors.

The waveguides were fabricated using optical lithpgy and inductively coupled plasma
(ICP) dry etching. A 250 nm Sp(passivation layer was deposited on top of the gaides by
plasma enhanced CVD to reduce the optical scaftesimd loss. The layered structure of the
waveguide is shown in Fig. 7(a) with a dimensiorbg@fm in width and 2.6 mm in length. The 0.5
um thick Er-doped GaN layer has an Er concentraifapproximately $107° cm?,

To evaluate the carrier lifetime, a 1480 nm pungefavas used as an excitation source and
the spontaneous emission signal was collected ghraubandpass optical filter at 1537 nm (with 1
nm resolution); An InGaAs photodiode was used teateghe optical power and the waveforms were
recorded. By suddenly switching off the 1480 nm puraser, the decay rate of the
photoluminescence at 1537 nm is determined by dheec lifetime on the excited state (or the,
energy level). The measured decay kinetics of ploatsneous emission after switching off the pump
shown in Fig. 7(b) exhibits a fast time constaniL & ms and a slower time constant of 2.8 i
non-exponential decay indicated the existence @ehwecombination and cooperative upconversion
which is responsible to excite carriers to higheergy levels. This lifetime is 6 orders of magdiu
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larger than those in InGaAsP optical amplifiers endomparable to those in Er doped optical fibers.
This verification of long carrier lifetime confirmbe potential of our proposed Er doped llI-nitride
technology for high speed optical communicationliappions.

0

7,=1.5ms Peemission=1537 nm
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Figure 7(a) Schematic structure of the Er-doped @aMeguide. (b) The decay of the spontaneous @miss
1537 nm wavelength after the 1480 nm pump laserswé@shed off at = 0.

B5. Characterization of refractiveindices of Er doped GaN in IR region
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Figure 8 Effects of Er incorporation on the refractindex of GaN measured in the IR wavelengthaegi

We have investigated the effects of Er doping @nréiractive index of GaN. To evaluate the
refractive index, optical transmission spectra weneasured. Due to the Fabry—Perot (FP)
interference caused by the two facets of the fiime(facet is between GaN and the air and the other
facet is formed between GaN and substrate), optiGdsmission efficiency is wavelength-
dependent. With the knowledge of the film thickndbe film refractive index can be obtained by
best fitting the measured optical transmission gpecto a well-known FP transmission equation.
Figure 9 shows the effect of Er incorporation oe thfractive index of GaN. The results indicated
that the overall increase of refractive index dué&t incorporation is estimated to be around 0101 a
1.5 um. Similarly, the estimated refractive index irase due to the incorporation of In (5%) is
around 0.015 at 1.am. Knowledge of material refractive index in thgecating wavelength region
will be important for the optimization of devicedign.



